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ORWV RI HIIRUWV KDYH EHHQ GHGLFDWHG WR GHYHORS DOWHUQDWLYH SOXJJLQJ FULWHULD IXUWKHU UHVHDUFKHV DUH UHTXLUHG IRU
PXOWLSOHD[LDO7:&VLQ6*WXEHV
,QWKHSUHYLRXVVWXGLHV>@DVVHVVPHQWPHWKRGVDQGSDUDPHWULF)(DQDO\VLVZHUHH[DPLQHGE\FRPSDULQJ)(
DQDO\VHV UHVXOWV DQG FRUUHVSRQGLQJ WHVW GDWD IRU GXDO D[LDO 7:&V LQ D 6* WXEH 6XEVHTXHQWO\ LQ WKLV VWXG\ WKH
SURYHQPHWKRGVDUHH[SDQGHGDQGDSSOLHGIRUWKHWULSOHD[LDO7:&VLQWKHVDPHWXEH7KHVHUHVXOWVFDQEHXVHGWR
HYDOXDWHZKHWKHUWKHWULSOHFUDFNVEHKDYHLQGHSHQGHQWO\RUPHUJHLQWRUHDOLVWLFFRDOHVFHQFHFRQGLWLRQV
$VVHVVPHQW&ULWHULD0HWKRGVDQG7KHLU9DOLGDWLRQ
2.1. Coalescence criteria 
)LJXUH  GHSLFWV WKH WXEHV FRQWDLQLQJ WKUHH W\SHV RI GXDOD[LDO 7:&V7KH FUDFN OHQJWK LV c, D[LDO GLVWDQFHV
EHWZHHQ WZR FUDFNV DUH GHQRWHG E\ d DQG UDGLDO GLVWDQFHV DUH GHQRWHG E\h 6SHFLDOO\ QRQDOLJQHG FUDFNVZHUH
FODVVLILHGDVW\SH$d!%d DQG&dDFFRUGLQJWRD[LDOGLVWDQFH>@


)LJ6FKHPDWLFLOOXVWUDWLRQRIWXEHFRQWDLQLQJGXDOD[LDO7:&V>@
7KHFRDOHVFHQFHFULWHULDZHUHGHFLGHGE\FRPSDULQJIDLOXUHSUHVVXUHVRIGXDOFUDFNZLWKWKRVHRI(6&(TXLYDOHQW
6LQJOH &UDFN 7KH (6& ZDV GHVFULEHG LQ 7KH $60( $PHULFDQ 6RFLHW\ RI 0HFKDQLFDO (QJLQHHUV FRGH DQG
FDOFXODWHGE\XVLQJ(T>@
   escc c c d     
7KHIDLOXUHSUHVVXUHRI(6&FDQEHFDOFXODWHGE\(TIRUWXEHVZLWKDVLQJOH7:&>@
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ZKHUHߪ௙LV WKH IORZ VWUHVV t LV WKH ZDOO WKLFNQHVVR LV WKH PHDQ UDGLXV RI 6* WXEHVܯ்LV WKH EXOJLQJ IDFWRU
FDOFXODWHGE\(TߣLVWKHVKHOOSDUDPHWHUFDOFXODWHGE\(TߥLVWKH3RLVVRQ¶VUDWLRDQGc LVWKHKDOIOHQJWKRI
WKHFUDFN
2.2. Assessment methods 
,Q WKH SUHYLRXV VWXGLHV RSWLPXP IDLOXUH SUHGLFWLRQPRGHOV OLNH3=&,, 3=&,9 DQG&2'ZHUH SURSRVHG IRU
HDFKFUDFNW\SH7KHPDLQIHDWXUHVRIWKHVHPRGHOVDUHEULHIO\GHVFULEHGDVIROORZV>@
 3ODVWLF =RQH &RQWDFW PRGHO ,,3=&,, ,W LV DVVXPHG WKDW FRDOHVFHQFH FRXOG EH RFFXUUHG ZKHQ SODVWLF
]RQHVGHYHORSHGIURPWKHFUDFNWLSFRPHLQWRFRQWDFW7KLVPRGHOLVEDVHGRQWKHFRQWRXUSORWRIWKHYRQ
0LVHVVWUHVVZKLFKHTXDOVWRWKHWHQVLOHVWUHQJWK
 3ODVWLF =RQH &RQWDFW PRGHO ,93=&,9 ,W LV DVVXPHG WKDW FRDOHVFHQFH FRXOG EH RFFXUUHG ZKHQ WKH
UHPDLQLQJ OLJDPHQWEHWZHHQFUDFNV LV IXOO\\LHOGHG7KLVPRGHO LVEDVHGRQ WKHFRQWRXUSORWRI WKHYRQ
0LVHVVWUHVVZKLFKHTXDOVWRWKHWHQVLOHVWUHQJWK
 &UDFN2SHQ'LVSODFHPHQW&2'PRGHO,WLVDVVXPHGWKDWWKHSODVWLFFROODSVHRIWXEHVFRXOGEHRFFXUUHG
ZKHQWKH&2'DWHDFKRIWZRSDUDOOHOFUDFNVLVHTXDOWRWKH&2'RIVLQJOHFUDFNDWWKHIDLOXUHORDG
2.3. Application to dual cracks 
$PRQJWKHWKUHHIDLOXUHSUHGLFWLRQPRGHOVGHVFULEHGLQVHFWLRQ3=&,9PRGHOZDVVHOHFWHGDVDQRSWLPXP
PRGHOIRUGXDOFROOLQHDUD[LDO7:&VDQG&2'PRGHOZDVUHFRPPHQGHGIRUGXDOSDUDOOHOD[LDO7:&VDQGW\SH%
DQG&RIGXDOQRQDOLJQHG7:&V0HDQZKLOH3=&,,PRGHOZDVVHOHFWHGDVRSWLPXPRQHIRUW\SH$RIGXDOQRQ
DOLJQHGD[LDO7:&V
2.4. Results and discussion 
)LJXUHDDQGEVKRZWKHSUHOLPLQDU\DQDO\VLVUHVXOWVRIFRDOHVFHQFHDQGRUIDLOXUHSUHVVXUHVRIFROOLQHDUDQG
SDUDOOHOFUDFNVFRPSDUHGZLWKSUHYLRXVH[SHULPHQWRQHV7KHDQDO\VLVUHVXOWVZHUHFRPSDUDEOHWRSUHYLRXVUHVXOWV
ZHOO,QPPRIOLJDPHQWOHQJWKDQDQDO\VLVUHVXOWZDVJUHDWHUWKDQWKHFRUUHVSRQGLQJH[SHULPHQWRQHKRZHYHUWKH
GLIIHUHQFHZDV6RLWVHHPVDSSOLFDEOHWRWULSOHFUDFNV
)LJXUHF VKRZV WKHSUHOLPLQDU\DQDO\VLV UHVXOWVRI FRDOHVFHQFHDQGRU IDLOXUHSUHVVXUHVRIQRQDOLJQHGD[LDO
FUDFNVFRPSDUHGZLWK WKHFRUUHVSRQGLQJH[SHULPHQWRQHV IRU W\SH$%DQG&6LPLODU WHQGHQFLHVZHUHREWDLQHG
ZLWKWKRVHRIWKHSUHFHGLQJGDWD


 D E F
)LJD5HVXOWRIGXDOFROOLQHDUD[LDO7:&VE5HVXOWRIGXDOSDUDOOHOD[LDO7:&VF5HVXOWRIGXDOQRQDOLJQHGD[LDO7:&V
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$VVHVVPHQWRI7ULSOH&UDFNV
3.1. Analysis conditions 
)LJXUHVKRZVWKHVFKHPDWLFVRIWULSOHD[LDO7:&VGHVFULEHGLQ$60(FRGH%DVHGRQWKLVUHIHUHQFHDQDO\VLV
FDVHVZHUHGHWHUPLQHGIRUFROOLQHDUSDUDOOHODQGQRQDOLJQHGD[LDO7:&V7KHPHFKDQLFDOSURSHUWLHVRIDOOR\
DQGDQDO\VLVFDVHVXVHGLQWKLVVWXG\ZHUHVXPPDUL]HGLQ7DEOHDQG7DEOHUHVSHFWLYHO\


)LJ6FKHPDWLFVRIWULSOHD[LDO7:&VDFFRUGLQJWR$60(FRGH>@
7DEOH0HFKDQLFDOSURSHUWLHVRIDOOR\>@
<LHOGVWUHQJWK 7HQVLOHVWUHQJWK <RXQJ¶VPRGXOXV (ORQJDWLRQ 3RLVVRQ¶VUDWLR
V\03D VX03D E *3D  Q
    

7DEOH$QDO\VLVFDVHV
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3.2. FE models and analyses 
)LJXUH VKRZ W\SLFDO')(PRGHOVRI WKH WULSOHFROOLQHDUSDUDOOHODQGQRQDOLJQHGD[LDO7:&V7KHVHZHUH
GHYHORSHGE\WDNLQJLQWRDFFRXQWIRUV\PPHWULFFRQGLWLRQVDVRQHKDOIUHVSHFWLYHO\5HODWLYHGDWDVXFKDVQXPEHURI
HOHPHQWV QRGHV DQG HOHPHQW W\SHV ZHUH VXPPDUL]HG LQ 7DEOH  ,Q RUGHU WR LQFRUSRUDWH PDWHULDO SURSHUW\ DV
LVRWURSLFHODVWRSODVWLFEHKDYLRUWKDWREH\V-IORZWKHRU\WUXHVWUHVVVWUDLQGDWDRIDOOR\ZHUHXVHG>@$OVR
5,.6DQG1/*(20RSWLRQVSURYLGHGE\$%$486ZHUHXVHGIRU)(DQDO\VHV>@
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$VGHVFULEHGLQVHFWLRQWKHWULSOHFROOLQHDUFUDFNVZHUHHYDOXDWHGE\3=&,9PRGHO7KHSDUDOOHOW\SH%DQG
&RIQRQDOLJQHGFUDFNVZHUHHYDOXDWHGE\&2'PRGHODQGW\SH$RIQRQDOLJQHGFUDFNVZDVHYDOXDWHGE\3=&,,
PRGHO


)LJD7ULSOHFROOLQHDUD[LDO7:&VE7ULSOHSDUDOOHOD[LDO7:&VF7ULSOHQRQDOLJQHGD[LDO7:&VRI5HSUHVHQWDWLYH)(PRGHOV
7DEOH5HODWLYHGDWDRI)(PRGHOV
&DWHJRU\
&ROOLQHDU 3DUDOOHO 1RQDOLJQHG
c PP
d PP c PPh PP
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c PP
d PPh PP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d PP
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d PP
h PP
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&'5 &'5 &'5 &'5 &'5
1XPEHURI
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    
1XPEHURI
QRGH
    
3.3. Results and discussion 
)LJXUHVKRZVDQDO\VLVUHVXOWVIRUFROOLQHDUFUDFNVLQZKLFKFRDOHVFHQFHDQGRUIDLOXUHSUHVVXUHVRIWKHGXDODQG
WULSOH FUDFNV ZHUH FRPSDUHG ZLWK SODVWLF FROODSVH SUHVVXUHV RI WKH (6& 7KH FRDOHVFHQFH SUHVVXUH PHDQV WKH
SUHVVXUHZKHQGXDORUWULSOHFUDFNVPHUJHLQWRDVLQJOHFUDFN2QWKHRWKHUKDQGWKHSODVWLFFROODSVHSUHVVXUHPHDQV
WKH SUHVVXUHZKHQ D VLQJOH FUDFN FDXVHV RYHUDOO VWUXFWXUDO LQVWDELOLW\ ,Q JHQHUDO WKH FRDOHVFHQFH SUHVVXUHVZHUH
GHFUHDVHGDVDQLQFUHDVHRIFUDFNQXPEHUVDQGDQGHFUHDVHRIOLJDPHQWGLVWDQFH7KHUHIRUHWKHFRDOHVFHQFHDQGRU
IDLOXUHSUHVVXUHVRIWKHWULSOHFUDFNVZHUHORZHUWKDQWKRVHRIGXDOFUDFNV
0HDQZKLOH LQSUHYLRXV VWXGLHV WKH LQWHUDFWLRQHIIHFWEHWZHHQ WZRDGMDFHQW LGHQWLFDOFUDFNVGLVDSSHDUHGZKHQ
WKH OLJDPHQW OHQJWK H[FHHGHG  PP DQG WKH WZR LGHQWLFDO FUDFNV EHKDYHG OLNH LQGHSHQGHQW VLQJOH FUDFNV >@
+RZHYHU VLQFH WKH UHVXOWLQJSUHVVXUHVRI WULSOHFUDFNVZHUH ORZHU WKDQ WKRVHRIGXDOFUDFNV LW LVDQWLFLSDWHG WKDW
WKH\EHKDYHOLNHLQGHSHQGHQWVLQJOHFUDFNVHYHQWKRXJKWKHFUDFNGLVWDQFHVODUJHUWKDQPP
$OVRE\FRPSDULQJZLWKWKHSODVWLFFROODSVHSUHVVXUHVRIWKH(6&DVDQLQFUHDVHRIGLVWDQFHEHWZHHQFUDFNVWKH
UHVXOWLQJSUHVVXUHVZHUHGHFUHDVHG%HFDXVH(6&LVVXPRIWKUHHFUDFNOHQJWKVDQGFUDFNGLVWDQFHVVRWKHFUDFNVL]H
ZDVLQFUHDVHGZLWKDQLQFUHDVHRIFUDFNGLVWDQFHV7KHUHIRUHLWVHHPVWKDWWKHFULWHULDSUHVHQWHGLQ$60(FRGHLV
FRQVHUYDWLYH
D E F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)LJXUHVKRZVDQDO\VLVUHVXOWVIRUSDUDOOHOFUDFNVLQZKLFKIDLOXUHSUHVVXUHVRIWKHGXDODQGWULSOHFUDFNVZHUH
FRPSDUHG ZLWK SODVWLF FROODSVH SUHVVXUHV RI WKH (6& 6LQFH WKH HTXLYDOHQW VLQJOH FUDFN OHQJWKV ZHUH HTXDO WR
LQGLYLGXDOFUDFNVLWZDVGHWHUPLQHGWKDWLGHQWLFDOFUDFNVEHKDYHGOLNHLQGHSHQGHQWVLQJOHFUDFNLQFDVHVRISDUDOOHO
FUDFNV$OVRLQWHUDFWLRQHIIHFWQRWRFFXUUHGZKHQWKHOLJDPHQWVDUHVPDOOHUWKDQWKRVHRIWKH(6&DQGGXDOFUDFNV
,QFDVHVRIGXDOFUDFNV WKH LQWHUDFWLRQHIIHFWRFFXUUHGZKHQ WKHFUDFNGLVWDQFHZDV ODUJHU WKDQPP2Q WKH
RWKHUKDQGLQFDVHVRIWULSOHFUDFNVWKHLQWHUDFWLRQHIIHFWRFFXUUHGZKHQWKHFUDFNGLVWDQFHZDVVPDOOHUWKDQPP
,WFDQEHXQGHUVWDQGWKDWWKHIDLOXUHSUHVVXUHVZHUHGHFUHDVHGDVDQLQFUHDVHRIFUDFNQXPEHUV


)LJ&RPSDULVRQRIDQDO\VLVUHVXOWVIRUFROOLQHDUFUDFNV

)LJ&RPSDULVRQRIDQDO\VLVUHVXOWVIRUSDUDOOHOFUDFNV
)LJXUHVKRZVDQDO\VLVUHVXOWVIRUQRQDOLJQHGFUDFNVLQZKLFKFRDOHVFHQFHDQGRUIDLOXUHSUHVVXUHVRIWKHGXDO
DQGWULSOHFUDFNVZHUHFRPSDUHGZLWKSODVWLFFROODSVHSUHVVXUHVRIWKH(6&6LPLODUWRWKHSUHYLRXVVWXGLHVRYHUDOO
FRDOHVFHQFHRUSODVWLFFROODSVHSUHVVXUHVZHUHGHFUHDVHGDVDQLQFUHDVHRIFUDFNQXPEHUV
,QFDVHVRIW\SH$RYHUDOOEHKDYLRUZHUHVLPLODUWRUHVXOWVRIWKHFROOLQHDUD[LDO7:&VVRWKHUHVXOWLQJSUHVVXUHV
ZHUHGHFUHDVHGDVDQGHFUHDVLQJFUDFNGLVWDQFHDQGDQLQFUHDVHRIFUDFNQXPEHUV
1317 J.M. Sim and Y.-S. Chang /  Procedia Engineering  130 ( 2015 )  1311 – 1318 
,QFDVHVRIW\SH%WKHUHVXOWLQJSUHVVXUHVZHUHDOVRGHFUHDVHGDVWKHLQFUHDVHRIFUDFNQXPEHUV,QDGGLWLRQLW
ZDVREVHUYHGWKDWWKHFULWHULDRILQWHUDFWLRQHIIHFWLQDFFRUGDQFHZLWKUDGLDOGLVWDQFHZHUHFKDQJHG3DUWLFXODUO\WKH
LQWHUDFWLRQHIIHFWRFFXUUHGWREHFRDOHVFHGZHOOLIWKHFUDFNGLVWDQFHZDVOHVVWKDQPP
,QFDVHVRIW\SH&WKHUHVXOWLQJSUHVVXUHVZHUHDOVRGHFUHDVHGOLNHRWKHUFDVHV%HFDXVHWKHFUDFNGLVWDQFHZDV
FORVHU FRDOHVFHQFH SUHVVXUHV ZHUH VPDOOHU WKDQ WKRVH RI W\SH % DQG WKH FULWHULD RI LQWHUDFWLRQ HIIHFW ZHUH DOVR
FKDQJHG
0HDQZKLOHRYHUDOOWHQGHQFLHVRIFRDOHVFHQFHSUHVVXUHVZHUHGLIIHUHQWZLWKWKRVHRISDUDOOHOFUDFNVWKRXJKWKH
LQWHUDFWLRQHIIHFWRFFXUUHG3DUWLFXODUO\LWZDVREVHUYHGWKDWWKHUHZDVUDGLDOGLVWDQFHHIIHFWDVZHOODVD[LDOGLVWDQFH
HIIHFW 0RUHRYHU ZLWK UHJDUG WR WKH FRDOHVFHQFH SUHVVXUHV RI (6&V GHILQHG LQ $60( FRGH ZHUH VLPLODU ZLWK
FROOLQHDUD[LDOFUDFNV$VWKHLQFUHDVHRIWKHGLVWDQFHEHWZHHQFUDFNVSODVWLFFROODSVHVZHUHGHFUHDVHGVRWKDWWKH
SODVWLFFROODSVHSUHVVXUHVVHHPHGPRUHFRQVHUYDWLYHWKDQWKHDFWXDOEHKDYLRU


)LJ&RPSDULVRQRIDQDO\VLVUHVXOWVIRUQRQDOLJQHGFUDFNV
&RQFOXVLRQV
,QWKLVVWXG\WKHFRDOHVFHQFHDQGRUIDLOXUHSUHVVXUHVRI6*WXEHZLWKWULSOHD[LDO7:&VZHUHHYDOXDWHGWKURXJK
V\VWHPDWLF )( DQDO\VHV ,W LV DQWLFLSDWHG WKDW WKHVH UHVXOWV FDQ EH XVHG WR GHYHORS IXUWKHU UHDOLVWLF FRDOHVFHQFH
GLDJUDPVIRUWKHWULSOHFUDFNVIURPZKLFKWKHIROORZLQJFRQFOXVLRQVZHUHPDGH
 ,QFDVHVRIFROOLQHDUFUDFNVFRDOHVFHQFHSUHVVXUHVZHUHGHFUHDVHGDVDQLQFUHDVHWKHQXPEHURIFUDFNVDQG
HDFKRIFUDFNVEHKDYHGOLNHLQGHSHQGHQWO\ZKHQFUDFNGLVWDQFHVZHUHODUJHUWKDQPP
 ,Q FDVHV RI SDUDOOHO FUDFNV LW LV H[SHFWHG WKDW LQGLYLGXDO FUDFN EHKDYLRU RFFXUUHG OHVV WKDQ PP DQG
FRDOHVFHQFHZDVRFFXUUHGE\LQWHUDFWLRQHIIHFWZHOOLQJUHDWHUWKDQPP
 ,QFDVHVRIQRQDOLJQHGFUDFNVWKH\ZHUHVLPLODUZLWKFROOLQHDUD[LDOFUDFNVRYHUDOO$QGLWVKRZHGVRPH
GLIIHUHQW WHQGHQFLHV ZLWK SDUDOOHO FUDFNV %HFDXVH WKHUH ZDV QRW RQO\ UDGLDO GLVWDQFH HIIHFW DOVR D[LDO
GLVWDQFHHIIHFW
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